Red supergiants represent a late stage of the evolution of stars more massive than about nine solar masses, in which they develop complex, multi-component atmospheres. Bright spots have been detected in the atmosphere of red supergiants using interferometric imaging [1] [2] [3] [4] [5] . Above the photosphere of a red supergiant, the molecular outer atmosphere extends up to about two stellar radii [6] [7] [8] [9] [10] [11] [12] [13] [14] . Furthermore, the hot chromosphere (5,000-8,000 kelvin) and cool gas (less than 3,500 kelvin) of a red supergiant coexist at about three stellar radii [15] [16] [17] [18] . The dynamics of such complex atmospheres has been probed by ultraviolet and optical spectroscopy [19] [20] [21] [22] . The most direct approach, however, is to measure the velocity of gas at each position over the image of stars as in observations of the Sun. Here we report the mapping of the velocity field over the surface and atmosphere of the nearby red supergiant Antares. The two-dimensional velocity field map obtained from our near-infrared spectro-interferometric imaging reveals vigorous upwelling and downdrafting motions of several huge gas clumps at velocities ranging from about −20 to +20 km s −1 in the atmosphere, which extends out to about 1.7 stellar radii. Convection alone 1 cannot explain the observed turbulent motions and atmospheric extension, suggesting that an unidentified process is operating in the extended atmosphere.
, and 1h) clearly reveal two large spots with a contrast of ∼20% and an irregularly shaped atmosphere extending out to ∼1.7 stellar radii (≈32 mas). These spots may represent regions with lower CO densities, through which the emission from the lower, warmer layers can be seen.
The previous images of the spotty surface of RSGs were taken in the visible, where the strong TiO bands are present [1] [2] [3] . On the other hand, the image of the well-studied RSG Betelgeuse (similar to Antares) taken at 833 nm, which better represents the continuum, shows a featureless, limb-darkened disc 25 . The observations at longer wavelengths of 905 and 1290 nm show that the spots are weak or absent at these wavelengths, which can be explained by smaller TiO opacity 3 at longer wavelengths.
The images and modeling of interferometric data of RSGs at ∼1.6 µm show weak to moderate spots presumably due to a jumble of weak and moderate lines of CO and CN 4, 5, 26 . These results are consistent with our observations in that Antares shows a nearly smooth surface in the continuum, and the inhomogeneities appear in the CO lines that form in the upper layers of the atmosphere.
From the data cube of the images reconstructed at 311 wavelength channels, we extracted the spatially resolved spectrum at each position over the surface of the star and the extended atmosphere. Figure 2 shows the spatially resolved spectra (red lines) with a spectral resolution of 8,000 (see Methods) at the three representative positions A (on the stellar disc) and B and C (in the atmosphere), together with the spatially unresolved spectrum (i.e., the spectrum averaged over the entire image; black lines). On the one hand, as can be seen in Fig. 2b , the spatially resolved spectrum (red line) of the bright spot on the surface (position A) shows stronger absorption lines than the spatially unresolved spectrum. On the other hand, the spatially resolved spectra in the atmosphere (positions B and C) show the CO lines in prominent emission (Figs. 2d and 2f)-exactly as expected from the Kirchhoff's law.
A closer look at the spatially resolved line profiles reveals that the absorption lines at the position A (Fig. 2c , red line) is slightly blueshifted with respect to the spatially unresolved spectrum (Fig. 2c, black line), which means that the gas at this position A is upwelling. In Fig. 2e , the peaks of the CO emission lines at the position B are clearly blueshifted with respect to the absorption lines seen in the spatially unresolved spectrum, indicating that the gas at the position B is moving towards us. In contrast, the CO emission lines at the position C are redshifted with respect to the spatially unresolved spectrum (Fig. 2g) , which means that the gas is moving away from us.
We measured the line-of-sight (LOS) gas velocity at each position over the stellar disc and atmosphere by calculating the cross-correlation between the spatially resolved and unresolved spectra. Figure 3 shows the two-dimensional velocity field map of Antares obtained in this manner (positive and negative velocities indicate the gas moving away from us and approaching towards us, respectively). We resolved the velocity field over the stellar disc that reveals upwelling and downdrafting at LOS velocities ranging from approximately −20 to +10 km s −1 on a spatial scale of the radius of the star. The gas motions in the extended atmosphere are characterised by vigorous, inhomogeneous motions of several large clumps at LOS velocities ranging from −10 to +20 km s −1 . We note, how-ever, that while the positive and negative LOS velocities observed over the stellar disc can be readily associated with downdrafting and upwelling motions, respectively, there is ambiguity for the clumps observed in the extended atmosphere (i.e, outside the limb of the stellar disc). For example, the clump in the northwest with an LOS velocity of 20 km s −1 may be infalling on the observer's side of the system (i.e., in front of the plane perpendicular to the LOS and going through the star's centre) or outflowing on the far side of the star (i.e., behind the aforementioned plane).
These upwelling and downdrafting motions resemble convection on the surface of RSGs 27 .
However, the observationally estimated density in the atmosphere is at least six orders of magnitude higher, and the atmospheric extension is much larger than predicted by the current convection models 13, 28 . This suggests that convection alone cannot lift up the material to the observed radius of ∼1.7 stellar radii, and the CO lines originate in layers higher than the top of convective cells. This can explain the absence of a correlation between the images in the continuum (probing the convectiondominated deep layers) and those in the CO lines (probing the extended atmosphere).
Similar upward and downward motions are inferred in the chromosphere of Betelgeuse, but the velocity amplitude is much smaller, ∼5 km s −1 (refs. 19, 20 Since convection alone cannot explain the density and extension of the atmosphere, some yetto-be identified process should be in operation to make the atmosphere extended and give rise to the turbulent motions and also perhaps the mass loss. Given that we did not detect a systematic outflow within 1.7 stellar radii, the substantial acceleration of mass loss should take place beyond this radius.
The next challenge remains to identify the driving mechanism responsible for the observed turbulent motions. Our technique to map out the velocity field over the surface and atmosphere of stars other than the Sun can be extended to different atomic and molecular lines forming at different atmospheric heights. Such tomographic velocity-resolved imaging will provide us with a three-dimensional picture of the dynamics of stellar atmospheres from deep layers to the outer atmosphere and help us identify the process behind the observed atmospheric motions. Author contributions K.O. wrote the telescope proposal and the first paper manuscript, carried out the observations, data reduction, and image reconstruction, and worked on data interpretation. G.W.
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(email: k1.ohnaka@gmail.com). We reduced the data with amdlib 3.0.8, which is based on the P2VM algorithm 31, 32 . It extracts three interferometric observables-visibility amplitude (or simply called visibility), closure phase, and differential phase-together with the (spatially unresolved) spectrum measured with each telescope. Although the original data were taken with a spectral resolution of 12,000, it turned out to be necessary to bin all the raw data (spectrally dispersed interferograms of the object, sky, dark, and P2VM calibration data) with a running box car function to gain S/N 11 . The data binned to a spectral resolution of 8,000 have S/N sufficient for the image reconstruction. We discarded the 20% frames with the poorest fringe S/N after checking different fringe selection criteria 11 . The wavelength calibration was carried out using the telluric lines. The uncertainty in the wavelength calibration is
. The observed spectra of Antares were spectroscopically calibrated using that of α Cen A with the method described in our previous work 13 .
Limb-darkened disc fitting. To estimate the angular size of Antares, we fitted the visibilities measured at each wavelength channel with a power-law-type limb-darkened disc 33 . is shown in Extended Data Fig. 3 . The data in the continuum are fairly fitted with the limb-darkened disc. However, the median reduced χ 2 of the fit in the continuum is 11, which indicates the presence of inhomogeneities over the stellar disc. In the CO band head and CO lines, the limb-darkened disc diameter increases up to ∼45 mas, and the limb-darkening parameter increases to ∼1. However, the reduced χ 2 of the fit in the CO band head and the CO lines is as large as 30, which means that the object appears far more complex than a limb-darkened disc.
Image reconstruction. We used the MiRA package ver.0.9.9 35 for the image reconstruction of Antares. We implemented the self-calibration imaging technique that takes advantage of differential phase measurements in addition to closure phases usually used in infrared interferometric image reconstruction 12, 36 . In this technique, we first reconstruct the images at all continuum wavelength channels using the measured visibility amplitude and closure phase alone. On the one hand, the As an initial model, we adopted a power-law-type limb-darkened disc with the angular diameter of 37.61 mas and the limb-darkening parameter of 0.16 as derived above. We used a Fermi-function-type prior P r(r) = 1/(exp((r − r p )/ε p ) + 1), which was successfully used in our previous work 12, 13 .
This is a function of r (radius in mas), and the parameter r p defines the radius where the function rapidly decreases to 0. The parameter ε p defines the steepness of the decrease. We set r p and ε p to be 22 mas and 1 mas, respectively. Combined with the maximum entropy regularization, this allows us to reconstruct the extended atmosphere without causing significant artifacts at very large distances from the star. We carried out the image reconstruction with different values for r p and confirmed We also carried out image reconstruction tests with simulated interferometric data generated from a limb-darkened disc with noise comparable to that of the Antares data. With the simulated image known, these experiments allow us to verify whether or not we can reconstruct the original image with the adopted reconstruction parameters and also to estimate the level of artifacts. We found out that the original limb-darkened disc image can be well reconstructed. The residuals after subtracting the original limb-darkened disc from the reconstructed image (both images convolved with the aforementioned Gaussian PSF) are 1.5%. This also means that the weak, central spot with the intensity contrast of 3-4% seen in the continuum images (Figs. 1a and 1e) is partially due to the reconstruction artifact but may also partially show a real structure. The deviations of the observed visibilities from the limb-darkened disc as mentioned in the previous section also indicate the presence 18 of inhomogeneities in the continuum images. We note that other structures seen in the CO line images are stronger than this weak, central spot seen in the continuum images.
To extract the spatially resolved spectrum at each position over the stellar disc and the atmosphere, we normalised the reconstructed image (convolved with the Gaussian PSF) at each wavelength channel so that the flux integrated over the entire reconstructed image is equal to the flux observed at the corresponding wavelength with AMBER.
Code availability The AMBER data reduction package is available at http://www.jmmc.fr/data processing amber.htm. The image reconstruction package MiRA is available at http://cral.univ-lyon1.fr/labo/perso/eric.
thiebaut/?Software/MiRA. We have opted not to make the code for the self-calibration image reconstruction and the analysis of the reconstructed images available. The reason is that the routines are customized for the present analysis and cannot be readily applied to other cases.
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